Abstract: The synthesis and characterization of an ew type of ah ighly conjugated heterocyclic p-chromophore, consisting of ac entral triphenylenec ore fused with three perylene monoimide units (star-shaped molecules), is described.B yjudiciousb ay functionalization with tert-butylphenoxy substituents, aggregation was completely prevented by using 1,1,2,2-tetrachloroethane, allowing forastraightforward purification and, for the very first time, the complete separation of the constitutional isomers by HPLC. Both isomersc an be easily distinguished by meanso fs everalc onventional spectroscopic techniques.F urthermore, we have illustrated the absence of supramolecular aggregates and enhanced processability by noncovalent functionalization of graphene substrates, showinga no utstanding homogeneity and demonstratingadifferent doping behavior in both isomers, making it possible to distinguish them by Raman spectroscopy.
Introduction
Perylenetetracarboxylic diimide( PDI)-based materials have become increasingly attractive owing to their good charge-carrier mobilities, excellent light absorption in the wavelength range of visible light, as well as high thermal, chemical, and photostability. [1] [2] [3] [4] [5] [6] [7] [8] [9] Beyondoptoelectronics, PDIsh ave been extensively used in the dispersion and noncovalent functionalization of synthetic carbon allotropes such as carbonn anotubes or graphene and in novel 2D materials. [10] [11] [12] [13] Moreover,i nt he last few years, several efforts have been devoted to the design and synthesis of highly extendedh eterocyclic p systemsw ith extraordinarily large seas of conjugated p electrons. [14, 15] A characteristic feature of this family is the continuous bathochromic shifto ft he absorptiona nd fluorescencee mission bands as ac onsequence of the extension of the conjugated p system. [1, [16] [17] [18] [19] [20] [21] The arrangement of PDI-based molecules can be tailored by supramolecular design, inducing perylene core twisting enforcedb yb ay substituents, by the attachmento ft rialkoxyphenyl wedges, or by ah ead-to-tail alignment through hydrogen-bondingi nteractions. [9, 19, 22, 23] PDIs have been extensively studied as excitingb uilding blocks for the supramolecular construction of aggregates,b ut when it comes to p-extended PDIbased macromolecules,l ike n-type disk-shaped molecular systems,t he number of studiesi sv ery limited.T hese molecules endowed with C 3 symmetry exhibit appealing spectroscopic effects of interest in highly anisotropic media such as liquid crystals as well as in molecular electronics. [1, 3] Usually,d isk-shaped molecules containing polycyclic aromatic cores have as trong tendency to aggregation into 1D columns, endowing them with anisotropic charge-transport properties.A long this front, Liu and co-workersd eveloped aP DI-based C 3 -symmetric starshaped molecular skeleton exhibiting good electron mobility with ar emarkable charge-transport anisotropy. [24, 25] However, these systemss tronglya ggregate and are almost insoluble in common organic solvents, severely limiting their characterization (e.g.,b y 1 HNMR spectroscopy) and processability.M oreover,a saconsequence of the condensationr eaction between hexaaminotriphenylene and the corresponding anhydrides, these trimericm olecules are obtaineda sastatistical mixture of C s (asymmetric) and C h (symmetric) constitutionali somers, which, to the best of our knowledge,h ave never been successfully separated.
Herein, we designedand synthesized ahighly extended conjugated star-shaped molecule (Scheme 1) that contains at riphenylene core fused with three bay-functionalized twisted perylenei mide imidazole "arms". Although these architectures do not containl ong and highly flexible side groups in their imide periphery,t hey are highly soluble in organic solvents.
by meanso fH PLC fort he very first time, and differentiated them by using severals pectroscopict echniques including NMR and Ramans pectroscopy.F urther,w eh ave found that these isomer-pure star-shaped molecules form densely packed molecular films on chemicalv apor deposited (CVD) graphene with exceptionally high homogeneity.
Results and Discussion
The targeted star-shaped PDI (Scheme 1) was assembled by the condensation of hexaminotriphenylene and perylenem onoimide buildingb locks requiring am ultistep synthetic sequence. One of the most common features in highly extended p systems is their tendency to aggregate through p-p stacking, leadingt ov irtually insoluble materials that complicate their purification, characterization, and processing. [27] [28] [29] [30] To overcome this hurdles, aw idespread approach to obtain soluble aromatic system derivatives is based on the incorporation of bulky solubilizing groupso rl ong alkyl chains in the periphery [19, 31] as well as by distortion of their planarity. [28, 32] Specifically,t he methodology for the synthesis of soluble PDI derivatives is the introduction of branchedo rl ong alkyl tails at the imide positions [19, 30] and bulky groups like p-tert-butylphenoxy at the bay positions. [19, 20, 23, 33] As expected, the incorporation of four bulky aryloxy groups attached to the bay positions of each PDI derivative arm lead to as ignificant distortion of the Scheme1.Synthetic sequence of 9.Reagents and conditions: a) 3-pentylamine, imidazole,3h, 100 8C, N 2 ;b)4-tert-butylphenol, K 2 CO 3 ,N MP,1 6h,1 20 8C; c) KOH, isopropanol/H 2 Om ixture, 1.5 h, 100 8C; d) Br 2 ,F ep owder,nitrobenzene, 16 h, 205 8C; e) benzophenone imine, Pd 2 (dba) 3 , rac-BINAP,N aOC(CH 3 ) 3 ,t oluene, 16 h, 110 8C, N 2 ;f)HCl 2 m,THF,3 0min, rt;g )Zn(OAc) 2 ,d ry quinoline, 18 h, 180 8C, N 2 . planar geometry of the PDI moiety.T his is attributed to the repulsive interactions between these sterically encumbered substituents and consequently the PDI twisted out positionf rom the plane, preventing intermolecular p-p stacking. [34] [35] [36] Hence, according to Scheme1,t he first part of the synthetic approach started from the 1,6,7,12-tetrachloroperylene-3,4:9,10-tetracarboxylic dianhydride 1.
Thus, an imidization reactiono f1 with 3-pentylamine in imidazole at 100 8Cu nder N 2 provides, after acidic work-up, the symmetrically N,N-substituted PDI (2)a sared solid with 83 % yield. The subsequent nucleophilic substitution of bay chlorine atoms by 4-tert-butylphenolate in deaerated NMP at 120 8C yielded tetraphenoxyperylene dimide 3,w hich was subsequently partially hydrolyzed to afford the perylene monoimide monoanhydride 4 in 18 %y ield as ar ed solid (Figures S1-2 in the Supporting Information).
Once 4 was obtained, the second parto ft he synthetic procedure consisted of the preparation of the triphenylene core (Scheme 1, center). [37, 38] Thus, reactiono ft riphenylene 5 with Br 2 in nitrobenzene at 205 8Ci nt he presence of Fe powder provides 6 with 85 %y ield. Then, cross-couplingo ft he brominated triphenylenew ith benzophenone imine in toluene catalyzed by Pd 2 (dba) 3 and using rac-BINAP (dba = dibenzylideneacetone, BINAP = (2,2'-bis(diphenylphosphino)-1,1'-binaphthyl)) as the ligand in the presence of NaOC(CH 3 ) 3 afforded 7 as a yellow solid in good yield. The last stage in buildingt he structure of the star-shaped target molecule consisted of linking the individualp erylene monoimide monoanhydride 4 with 7.
Afterwards, deprotection of the amino groupsw as carried out with 2 m HCl in THFt of urnish 8 in 81 %y ield. Finally,t he target molecule was successfully obtained in one step from 4 by reaction with 8 in dry quinoline in the presence of Zn(OAc) 2 at 180 8Cf or 18 h. Under these conditions, final product 9 was isolated as ad ark-blue solid in 53 %y ield (Scheme 1, bottom). As expected,t his large p-conjugated architecture exhibits a pronounced aggregation, leading to difficulties in its processing and characterization. [24] Indeed, despite the introductiono f the bay-functional tert-butoxy moieties-whichr emarkably improvedt he solubility of the molecule-the 1 HNMR spectrum of 9 recorded in chloroform-da tr oom temperatures howed a significant signalb roadening in the aromatic region caused by aggregation. One approacht oc ircumvent this problem is to change the deuterated reference solvent. Along this front, differento rganic solvents such as [D 6 ]benzene or [D 2 ]dichloromethane among othersw ere explored and despite the good solubility of the molecule, the 1 HNMR spectra was very broad even at high temperatures ( Figure S3 in the Supporting Information). This is due to the interactions with the solventa nd the balance of p-p interactions between the extended p systems. However,t he strong p-p interactions could be overcome by using 1,1,2,2-[D 2 ]tetrachloroethane, resulting in sharper NMR signals, indicative of reduced aggregation. Additionally,t he behavior of 9 under temperature-dependent 1 HNMR spectra was investigated. Figure 1s . Nonetheless, despite all the dilution conditions appliedi nt he spectroscopic measurements,t he full characterization based on the analysiso f 13 CNMR spectroscopy failed to reliably confirm the proposed structure. This mayb ea ttributed to the residual aggregation of the molecules in the selected deuterated solvent even at elevated temperatures. Further characterizationb yh igh-resolution mass spectrometry measurements was conducted to verify the composition of the final product (Figure 2, inset) .
As can be seen in the inset of Scheme1,amixture of alltrans (C 3h symmetry) andm ono-cis (C s symmetry) isomers resultingf rom the random orientation of the perylenem onoimide during the condensation reactiono nt he central hexaminotriphenylene of compound 9 was formed. Analysis of the 1 HNMR spectrum of the final compound presented in Figure 1 revealed two sets of signals with different intensities in the aromaticr egion, indicating that 9 was as tatistical mixture of the C 3h and C s isomer with yields of approximately 25 %a nd 75 %, respectively.
The separation of the isomerso f9 was expected to be very challenging. Indeed, only af ew reports on the separation of 1,6-and 1,7-regioisomers of dibromo-,d iphenoxy-, and dipyrrolidinyl-substitutedp erylene diimides derivatives have been reported so far.T ypical separation routes consist of crystalliza- [39] or differences in solubility. [40] In the case of p-extended molecules, the separationo fi ndividual isomersa ppearst ob e challenging, firstly because of the relativelyp oor solubility, and secondlyo wing to very similar chromatographic mobilities.
To face this challenge, high-performance liquid chromatography (HPLC)w ith aC OSMOSIL-5PBB-R semi preparative column (10 250 mm) using aC H 2 Cl 2 /toluene/MeOH( 25:35:40) mixture as the selected mobile phase was employed. Figure 2s hows the HPLC profile of 9,t he peaks of whichc ould be assigned to the C 3h and C s isomer based on their relative intensities. The configurations of the isolated isomersw ere unambiguously assigned on the basis of .05-9.85 ppm (bay regiono ft he triphenylenecore). As expected, the 12 protons of the perylene moiety appear in the region d = 8.18-8.70 ppm (according to the integration), although only 11 singlets can be detected because of the overlap of two signals. Hence, the assignment of the first elution phase at 6.1 min to the isomer with C s symmetry based on the peaks intensity of the HPLC chromatogram was confirmed. For the minor isomer (second elutionp hase at 7.2 min) two and four singlets( triphenylene and perylene protons, respectively) were detected, in agreement with the expected C 3h symmetry (Figure 3, center) . The NMR spectroscopic data recordedf or 9 ( Figure 3 , bottom)e xhibited the combinationo f both isomer signals in the spectrum.
The successfuli somers separation was further evident from attenuated total reflectancei nfrared spectroscopy (ATR-FTIR). Direct comparison of the spectrao ft he C 3h and C s isomers revealed ar ather similar behavior (Figure 4a nd Figure S7 in the Supporting Information). In both cases,c haracteristic stretching vibrations of perylened erivatives at 1694 (1690) cm À1 and 1654 (1653)cm À1 corresponding to the N-imides carbonyl groups were observed for the C 3h and C s isomers, respectively ( Figure 4) . It is worth noting that, in addition to these vibrations, the FTIR spectrum displayed an additional signal at 1735 cm À1 ,w hichi sr emarkably more intense for the C s isomer. The lower molecular symmetry increases the moleculard ipole moment, which typically enhances the IR active vibrational modes. Thus,t he band at 1735 cm À1 is assigned to C=Ov ibration of the asymmetric N-imine carbonyl because of the C 3 symmetry breaking in the C s isomer. [41] Steady-statea bsorption studies in 1,1,2,2-tetrachloroethane at 298 Kofthe targetmolecule as well as the different building It is noteworthy to mention that 9 exhibited ab athochromic shift of 53 nm in the absorption maximum, attributed to the extensive conjugation of its 156 p electrons in the star-shaped molecule, higher than those previously observed for benz-bimidazole-bridged perylenes [15] or fused perylene-phthalocyanine hybrids. [14] This fact indicates an utterly new arrangemento ft he electron levels from which the optical excitation is facilitated. In the case of tetraryloxy-substituted PDI chromophores, the maximum absorption band indicates strongly allowed electronic S 0 !S 1 transitions, generally found in the 400-600 nm range for these sort of molecules, and is characterized by three wellresolved vibronic peaks. [42] [43] [44] [45] [46] The ratio between the (0,0) and (0,1) transitions was remarkably larger than 1.6, indicative of monomeric units in solution for both molecules. [47] The broad absorption behavior of 9 covers al arger part of the UV and visible region (250-750 nm), which is of interest for those applications requiring larger absorption cross sections in the visible region of the electromagnetic spectra (e.g.,p hotovoltaic devices).
When comparing the absorption spectra of the separated C 3h and C s isomers, we observed as hift of approximately 4nm in the (0,0) peak. The fluorescencee missions pectra with a peak maximum at 669 (680) nm for the C 3h and C s isomers, respectively,r evealed am irror-like image of the absorption spectra with aS tokes shift of 26 (22) nm with respect to 4.R emarkably,ashift of approximately 11 nm between both isomers was detected. The calculated quantum yields were 0.09 AE 0.01 and 0.03 AE 0.01 fort he C 3h and C s isomers, respectively.S uch a pronounced quenching of the emission hasb een previously observed for relatedP DIs endowed with 3,4,5-tridodecyloxyphenyls ubstituents on the imide Na toms and with four tertbutylphenoxy substituents in the bay position. [44] To further confirm the solubility of 9 and its respective isolated isomersi n1 ,1,2,2-tetrachloroethane, concentration-dependent UV/Vis experiments were carried out. Figure S8 (in the Supporting Information) shows the spectra collected in the range of concentration comprising 5 10
À4 m for both isomers, highlighting the increased processability of these extended aromatic macrocycles. Furthermore, temperature-dependenta nalysisi nt he 298-353 Kr ange only revealed slight changes in the absorbance, in excellent agreement with the NMR studies ( Figure S9 in the Supporting Information).
At this point, we decided to explore the processability of these pure isomerso ns urfaces to discover whethert hesem olecules presented supramolecular aggregates or not. Firstly, both isomers were spin-coated at 2000 rpm on SiO 2 /Si substrates and thoroughly analyzed by means of optical microscopy,s canning Ramanm icroscopy (SRM),a nd atomic force microscopy (AFM), which showed an inhomogeneous covering of the surface, with no signatureso fs pecific supramolecular aggregation motifsa nd the presence of fluorescencei nt he Raman spectra (Figures S10-11i nt he Supporting Information). Moreover,w hen CVD graphene substrates are used-inw hich p-aromatic molecules tend to lie with the aromatic cores parallel to the surface, stabilized by van der Waalsi nteractions [48] [49] [50] [51] [52] [53] -a very homogeneous fluorescenceq uenchingw as detectedb yR amans pectroscopy in the range of millimeters ( Figure 6 ). It is worth noting that normally it is not possible to measureR amans pectra of fluorescent molecules, however by noncovalently binding to graphene or related 2D materials, a fluorescenceq uenching of the dyec an be obtained as ac onsequence of an electron/energy transfer. [49, 54, 55] The homogeneity of the films wasc haracterizedb ym eans of SRM on areas of 30 30 mm 2 ,m easuring with 1 mms teps ( > 900 single point spectra)a nd by using ag rating of 1800 grooves mm À1 (Figure 6a and Figures S12-13 in the Supporting Information). The isolated isomerso ft he star-shaped molecules exhibited the characteristic Raman peaks associated with the tetraryloxy-substitutedP DI chromophores when resonantly excited at 532 nm in backscattering geometry. [49] As recently reported by Duesberg and co-workers, the ratio between the n Ag (ca. 1351 cm À1 ) and the Gp eak of the graphene substrate can be efficiently used as an estimation of the packingd ensity. [56, 57] Indeed, both isomerse xhibitedv ery homogeneous mean PDI n Ag /G ratios of 1.03 and 0.93 (full width at half maximum (FWHM) = 0.10 and 0.11) for the C 3h and C s isomers, respectively,i ndicative of a high packing density (Figure6b). Interestingly,t hanks to the profoundquenching of the fluorescence, it was possible to distinguish both isomersw hen analyzing the PDI-related bands centered at approximately 1351, 1403, 1447, and 1548 cm À1 , showingameasurable shift to lower frequencies( mode softening) of all the Ramanm odes for the C s with respectt ot he C 3h isomer in the 1.5-6.7 cm À1 range (Figure 6c ). To the best of our knowledge,t his is the first time that constitutional isomerso f polycyclic aromatic molecules have been distinguishedb y Ramans pectroscopy.I nterestingly,adetailed inspection of the main graphene Raman modes revealed as hift in the position of the graphene bands as ac onsequenceo ft he interaction with the star-shaped isomers, which is more remarkable in the case of the 2D band. The increase in the Ramanm odes is indicative of ac harge transfer (molecular doping) and is in excellent agreement with previous reports on electron acceptor molecules interactions with graphene. [58, 59] This shift to higher frequencies (stiffening)o ft he Ga nd 2D bands is related to changes in the electronic structure of electron-phonon interactions and suggestad ifferent doping behavior for both isomers, being more intense for the C 3h one. [58] Furthermore, we inspected the samples by atomic force microscopy (AFM), which revealed the presence of characteristic smooth graphene surfaces with the presence of wrinkles, in which thin layers of 9 isomersa pproximately 3nmt hick were clearlyo bserved, in excellent agreement with related watersoluble PDI thicknesses determined by spectroscopice llipsometry. [57] The rough mean square values (RMS) of the functionalized surfaces were 1.6 AE 0.7 and0 .9 AE 0.2 fort he C 3h and C s isomers, respectively,i ndicative of av ery homogeneousa nd smooth surface (Figure 6d ). Additionally,w eh ave performed Raman mappings with an increased resolution of 200 nm, demonstrating that the covering is completely homogeneous and is not dependento nt he corrugations and wrinkles of the graphene substrate ( Figures S14-15 in the Supporting Information). Interestingly,t he molecules deposited on the graphene substrates were more resilient to washing steps than the ones deposited on SiO 2 /Si.
To shine light on the stability of the star-shaped isomers of molecule 9 adsorbed on the graphene surface, we performed temperature-dependent statistical Raman spectroscopy (T-SRS). Figure7shows the evolution of the Raman peaks with temperature:s urprisingly,t he molecules start to desorb from the graphenes urfacea ta pproximately 475 8C, showingavery high thermals tability.F inally,t he pristine monolayerg raphene surface was recovered after heatingt o500 8C.
These results demonstrate that the star-shaped PDIs 9 can be used to produce homogeneous large areas of noncovalently functionalized graphene, and can be distinguished not only by means of NMR, UV/Vis, fluorescence, or FTIR, but also by using Raman spectroscopy.T he more abundant asymmetric isomer (C s )e xhibited the highest absorbance, the more pronounced bathochromic shift in both UV/Vis and fluorescence, as well as ac haracteristica mide peak in the FTIR spectrum. Moreover,b oth isomerse xhibited homogeneous packing on graphene surfaces, exertingm easurable G-band mode stiffening. Last but not least, we have been able to differentiate both isomersb yR aman spectroscopy by showingas oftening of all the Raman modesf or the C s isomer with respect to C 3h one.
Conclusion
We have designed and synthesized ah ighly soluble, very p-extended molecule consisting of at riphenylene core fused with three perylened erivatives yielding am acrocycle endowed with an extended conjugation of 156 p electrons. For the very first time, the respective C 3h and C s isomers have been completely separated by meanso fH PLC. Both isomers exhibited very high solubility in 1,1,2,2-tetrachloroethane and have been unambiguously characterized andd istinguished by means of fives pectroscopic techniques, namely 1 HNMR, ATR-FTIR, UV/Vis, fluorescence, and Ramans pectroscopy.F inally,w ee xplored the self-assembly of these molecules on graphene substrates by opticalm icroscopy,s canning Raman microscopy,a nd AFM, showingt he favorable processability of these star-shaped molecules. This work represents the first example of separation of constitutional isomersofd isk-shaped polycyclic aromatic molecules, which can be clearlyd istinguished by means of several spectroscopic techniques thanks to itse nhanced processability, and could be efficientlyu sed for noncovalently functionalized graphene and related 2D materials. [54, 48] Experimental Section General Te trachloroperylene tetracarboxylic acid dianhydride (Cl 4 -PTCDA) was purchased from abcr.3-Pentylamine and bromine were provided from Acros Organics. Imidazole, tert-butylphenol, N-methyl-2-pyrrolidone (NMP), triphenylene, rac-BINAP,b enzophenone imine, sodium tert-butoxide (NaOC(CH 3 ) 3 ), zinc acetate (Zn(OAc) 2 ), quinolone, tris(dibenzylideneacetone)dipalladium(0), toluene, tetrahydrofuran (THF), 1,1,2,2-tetrachloroethane, nitrobenzene, and triethylamine (Et 3 N) were obtained from Sigma-Aldrich. Potassium carbonate (K 2 CO 3 )w as ordered from SAFC. Acetic acid (HAc), hydrochloric acid (HCl), isopropanol, and potassium hydroxide (KOH) were bought from Grüssing. Biobeads-SX3 was purchased from BIO-RAD. Monolayer CVD graphene films deposited on 300 nm SiO 2 /Si substrates were purchased from Graphenea. 2,3,6,7,10,11-Hexabromotriphenylene 6, N,N',N'',N''',N'''',N'''''-(triphenylene-2,3,6,7,10,11-hexayl)hexakis(1,1-diphenylmethanimine) 7,a nd 2,3,6,7,10,11-hexaaminotriphenylene hydrochloride 8 were synthesized according to reported literature procedures. [37, 38] NMR spectra were recorded with aB ruker Avance 400 (400 MHz) and aJ eol EX 400 (400 MHz) spectrometer.C hemical shifts are given in ppm and referenced to solvent signals. NMR solvents were purchased from VWR or DEUTERO. HRMS were recorded with Bruker microTOF II focus and maXis 4G instruments. MALDI-TOFH RMS were recorded with an UltrafleXtreme TOF/TOF (Bruker Daltonics). Analytical and preparative HPLC was carried out with aS HIMADZU Prominence system with CBM-20A system controller,L C-20A solvent delivery unit, SIL-20A auto-sampler,C TO-20A column oven, SPD-M20A photodiode array detector,a nd aD GU-20A on-line degassing unit. The ATR-FTIR spectra were recorded with aB rukerTensor 27 (ATR or ZnSe plate) spectrometer.
Optical extinction and absorbance was measured with aPerkinElmer Lambda 1050 spectrometer in extinction, in quartz cuvettes with apath length of 0.2 cm.
Fluorescence spectra were acquired with aH oriba Scientific Fluorolog-3 system equipped with a4 50 WX eh alogen lamp, double monochromator in excitation (grating 600 lines mm À1 blazed at 500 nm) and emission (grating 1200 lines mm À1 blazed at 500 nm), and aP MT detector using quartz cuvettes with ap ath length of 0.2 cm.
Raman spectra were acquired with aL abRam HR Evolution confocal Raman microscope (Horiba) equipped with an automated XYZ table by using 0.80 NA objectives. All measurements were conducted by using an excitation wavelength of 532 nm, with acquisition times of 0.5-2.0 sa nd ag rating of 1800 grooves mm
À1
.M aps of 30 30 mmw ere recorded with as tep size of 1 mm, giving > 1000 single-point spectra.
Temperature-dependent Raman measurements were performed with aL inkam stage THMS 600, equipped with al iquid nitrogen pump (TMS94) for temperature stabilization under ac onstant flow of nitrogen. The measurements were carried out with ah eating rate of 10 Kmin
. Atomic force microscopy (AFM) was carried out by using aB ruker Dimension Icon microscope in tapping mode. The samples were prepared by spin-coating as olution of the separated isomers of 9 at 5000 rpm.
Synthesis of 2
Am ixture of Cl 4 -PTCDA (3.00 g, 5.63 mmol, 1equiv), imidazole (9.38 g), and 3-pentylamine (1.76 mL, 14.87 mmol, 2.6 equiv) was heated at reflux at 100 8Cu nder an itrogen atmosphere for 3h. After cooling the crude product to room temperature, as olution of HCl in EtOH (5 m,2 25 mL) was added, which resulted in the formation of ap recipitate. Stirring was continued for af urther 12 h. The precipitate was filtered off, washed with water until reaching neutrality,a nd dried in the oven at 100 8Co vernight yielding 2 (3.11g,8 3%)a sared solid. The desired perylene diimide was used in the next step without further purification. Owing to its low solubility in common organic solvents, 1 HNMR and 13 CNMR spectra Figure 7 . Te mperature-dependent statistical Raman spectroscopy (T-SRS) of 9 in the temperature region between 25 and 500 8C. Remarkably, the pristine CVD graphene spectrum can be completelyrecovered after heating to 500 8Ca nd cooling down to room temperature. were found to be coincident with those previously reported. [60] HRMS:calcd for C 34 + ;f ound:3370.5401.
